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Abstract – Natural polycrystalline hydrothermal Sainte Colombe dolomite was dissolved in 
stirred titanium closed system reactors in aqueous 0.1 mol/kg NaCl solutions at 51, 75, 121, 
and 126°C and a pressure of 5 bars CO2. In total, 52, 27, 16, and 12%, respectively, of the 
dolomite placed in the reactors dissolved into the fluid phase during these experiments. Each 
experiment lasted from 12 to 47 days and the fluid phase in each evolved towards, but did not 
exceed, ordered dolomite equilibrium at a pH of 5.9±0.3. All aqueous reactive fluids were 
undersaturated with respect to all potential secondary phases including calcite and magnesite.  
The reactive fluid compositions at the end of the experiments had a molar Ca/Mg ratio equal 
to that of the dissolving dolomite, and the dolomite recovered after the experiments contained 
only pure dolomite as verified by scanning electron microscopy.  The Ca and Mg isotopic 
ratios of the reactive fluids remained within uncertainty equal to that of the dissolving 
dolomite in the experiments performed at 51 and 75 °C. In contrast, the Ca isotopic 
composition of the reactive fluid in the experiment performed at 121 and 126 °C was 
significantly greater such that Δ44/42Casolid-fluid = -0.6±0.1‰, whereas that of Mg was within 
uncertainty equal to that of the dissolving mineral. The equilibrium fractionation factors for 
both divalent cations favor the incorporation of isotopically light metals into the dolomite 
structure. Our results at 121 and 126 °C, therefore, are consistent with the one-way transfer of 
Mg from dolomite to the fluid but the two-way transfer of Ca from and to dolomite as 
equilibrium is approached during its stoichiometric dissolution. The lack of Mg returning to 
the dolomite structure at these conditions is attributed to the slow dehydration kinetics of 
aqueous Mg.  As more than 12% of the dolomite dissolved during the 121 and 126 °C closed 
system experiments, our observations indicate a significant change in the Ca isotopic 
signature of the dolomite during its stoichiometric dissolution. Moreover, as there is no visual 
evidence for dolomite recrystallization during this experiment, it seems likely that the 
resetting of Ca isotopic signatures of carbonate minerals can be readily overlooked in the 
interpretation of natural systems. 
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1. Introduction  
Dolomite is widely distributed in Earth’s crust, however, its origin has puzzled the 
scientific community over the last century. This “dolomite problem” stems from its poor 
distribution in recent marine sediments compared to its common occurrence in ancient 
sedimentary records (Arvidson and Mackenzie, 1999; Holland, 2005). In an attempt to resolve 
this problem, numerous authors have studied the kinetic and thermodynamic behavior of this 
mineral (e.g. Arvidson and Mackenzie, 1999; Busenberg and Plummer, 1982; Chou et al., 
1989; Gautelier et al., 1999, 2007; Lund et al., 1973; Morse and Arvidson, 2002; Pokrovsky 
et al., 1999a, 1999b, 2005, 2009; Putnis et al., 2014; Wollast, 1990; Zhang et al., 2007).  It 
has been observed that Ca is initially released faster to the fluid than Mg during far-from-
equilibrium dolomite dissolution (Busenberg and Plummer, 1982; Pokrovsky and Schott, 
2001; Pokrovsky et al., 1999a; Putnis et al., 2014); this initial incongruent dissolution was 
explained by the formation of Mg-rich surface complexes (Pokrovsky and Schott; 1999; 
Pokrovsky et al. 1999a, b; Van Cappellen et al., 1993). Numerous studies have concluded that 
the “dolomite problem” is a kinetic issue that stems from ether the slow dehydration of 
aqueous magnesium at ambient temperatures or the deformation of the crystal structure due to 
the incorporation magnesium, yet the detailed mechanisms and the conditions at which 
dolomite may form remain unclear (Arvidson and Mackenzie, 1999; Land, 1980, 1998; 
Pokrovsky et al., 1999a).  
 
The divalent metal isotope compositions of carbonate minerals have been interpreted to 
illuminate the temporal evolution of the global calcium cycle (De la Rocha and DePaolo, 
2000; Fantle and DePaolo, 2005), global bio-geochemical cycles (DePaolo, 2004; Fantle, 
2010; Nielsen et al., 2012), ocean chemical evolution (Gussone et al., 2005; Hauser et al., 
2005; Sime et al., 2007), past continental weathering (Beinlich et al., 2014; Galy et al., 2002; 
Gussone et al., 2003; Fantle and DePaolo, 2005; Immenhauser et al., 2010; Kasemann et al., 
2014; Li et al., 2014; Mavromatis et al., 2014b; Pogge von Strandmann et al., 2008, 2012), 
paleotemperatures (Galy et al., 2002; Gussone et al., 2003; Marriott et al., 2004; Mavromatis 
et al., 2012, 2013, 2014a), and ancient climatic events (DePaolo, 2004; Kasemann et al., 
2014; Pogge von Strandmann et al., 2014). Such potential applications have motivated a 
number of studies of Mg and Ca isotopic fractionation among carbonate minerals and 
coexisting aqueous fluids (e.g. Immenhauser et al., 2010; Pearce et al., 2012; Mavromatis et 
al., 2013, 2014a). Some of these studies report that isotopically lighter Ca is preferentially 
incorporated into carbonate minerals as it is precipitated from an aqueous fluid (De la Rocha 
and DePaolo, 2000; DePaolo, 2004; Gussone et al., 2003, 2005; Skulan et al., 1997; Zhu and 
Macdougall, 1998). Such observations have been attributed to both equilibrium and kinetic 
processes (DePaolo, 2011; Gussone et al., 2003, 2011; Lemarchand et al., 2004; Marriott et 
al., 2004; Reynard et al., 2010, 2011; Tang et al., 2008a, 2008b). Lemarchand et al. (2004) 
suggested that the equilibrium distribution of Ca isotopes between a fluid and a solid phase 
can be overprinted by the incorporation of unequilibrated Ca into the crystal structure at 
elevated precipitation rates. In addition, as light isotopes diffuse faster than their heavier 
counterparts, lighter isotopes may be preferentially released during dissolution or incorporated 
into the mineral during precipitation (Gussone et al., 2003; Maher et al., 2016; Richter et al., 
2006).  
 
 Past studies have shown that Mg isotopes can be fractionated both during precipitation 
(Immenhauser et al., 2010; Li et al., 2012; 2015; Mavromatis et al., 2012, 2013, 2014a; 
Shirokova et al. 2013; Wombacher et al., 2011, Young and Galy, 2004) and dissolution 
(Pearce et al., 2012) of carbonate minerals. Generally, carbonate minerals are enriched in 
lighter Mg, as is the case for Ca. This behavior stems from the relative strength of the Mg-O 
bond in the carbonates compared to the aqueous solution (Mavromatis et al., 2013; Schott et 
al., 2016). Higgins and Schrag (2010) and Mavromatis et al. (2014a) suggested an ambient 
temperature fluid-dolomite equilibrium fractionation factor (26/24Mgsolid-fluid = 26/24Mgsolid - 
26/24Mgfluid) of ~-2.6‰ from field observations, whereas Schauble (2011) suggested this 
fractionation factor should be -3.6‰ from ab-initio calculations. Direct experimental 
measurements indicate these fractionations factors decrease with increasing temperature such 
that 26/24Mgsolid-fluid = -0.93% at 130 oC  (Li et al., 2015).  Li et al. (2015) and Pinilla et al. 
(2015) concluded that that disordered dolomite and Mg-calcite have lower fractionation 
factors than ordered dolomite due to the distortion of the cationic sites that originate longer 
Mg-O bond lengths. The fractionation of Mg between carbonate minerals and the fluid phase 
can also be affected by other factors like 1) kinetic processes such as the carbonate mineral 
growth rate (Mavromatis et al., 2013), 2) the Mg speciation of the fluid (Schott et al., 2016), 
and 3) biologically mediated vital effects (Hippler et al., 2009; Pogge von Strandmann et al., 
2008, 2014; Rollion-Bard et al., 2016). Although some results published in the literature 
suggest that fluid-carbonate mineral Mg isotope fractionation is relatively independent of 
reactive solution pH (Mavromatis et al., 2013) and the fraction of dissolved organic molecules 
(Ilina et al., 2013), the theoretical and experimental modeling of Schott et al. (2016), suggests 
that changes in the aqueous complexation of Mg can alter dramatically this fractionation. 
 
As dolomite contains equal molar quantities of Ca and Mg, and these occupy 
analogous positions in the crystal structure, this mineral has the potential to illuminate the 
isotopic fractionation behavior of both metals. The quantification of dolomite isotopic 
systematics during its interaction with fluids, however, is limited by its inability to precipitate 
at ambient temperatures in the laboratory (Li et al., 2015). To overcome these limitations 
numerous studies have been aimed at characterizing the Ca and Mg isotope systematics of 
natural dolomites (Blättler et al., 2015; Fantle and Higgins, 2014; Geske et al., 2015; 
Holmden, 2009; Jacobson et al., 2010; Mavromatis et al., 2014a; Pokrovsky et al., 2011; 
Rustad et al., 2010; Schauble, 2011). It has been suggested that because of their similar 
chemistry, Ca isotope fractionation in carbonate minerals should be similar to that of Mg 
(Pearce et al., 2012). Alternatively, contrasting fractionation behaviors of Ca and Mg isotopes 
was reported as a function of depth in authigenic dolomites by Blättler et al. (2015).  These 
observations, however, were interpreted to be a consequence of a limited Mg supply in the 
pore water.  
  
This study was designed to advance our understanding of the behavior of Mg and Ca 
isotopes during dolomite-water interaction.   Towards this goal, pure dolomite was dissolved 
stoichiometrically in closed system reactors at 51, 75, 121, and 126 °C.  The purpose of this 
manuscript is to report the chemical and isotopic evolution of the fluids and solids in these 
experiments and to use the results to better understand the reactivity of dolomite in natural 
systems.  
 
2. Theoretical considerations:  
Isotope compositions in this paper are presented in delta notation given by (McKinney 
et al., 1950; Urey, 1948)  
𝛿 𝑀𝐴  = (
𝑀𝐴 𝑠𝑎𝑚𝑝𝑙𝑒
M𝐴 𝑡𝑎𝑛𝑑𝑎𝑟𝑑
 − 1) 1000     (1) 
where 𝑀𝐴  refers to the Ath isotope ratio of the Mth metal (e.g. 44Ca/42Ca or 26Mg/24Mg), 𝛿𝐴𝑀 
provides the normalized value of this ratio, and the subscripts sample and standard represent 
the sample of interest and an isotopic standard, respectively. Mg results are reported with 
respect to the DSM3 international standard and Ca results with respect to the NIST SRM915a 
standard. 
 
The isotopic offset between the metal in the solid and the fluid phase (𝛥𝐴𝑀𝑠𝑜𝑙𝑖𝑑−𝑓𝑙𝑢𝑖𝑑)  
is defined by 
𝛥𝐴𝑀𝑠𝑜𝑙𝑖𝑑−𝑓𝑙𝑢𝑖𝑑 =  𝛿
𝐴𝑀𝑠𝑜𝑙𝑖𝑑  – 𝛿
𝐴𝑀𝑓𝑙𝑢𝑖𝑑    (2) 
Note that as it was not possible to directly measure the degree of isotopic heterogeneity of the 
solids during our experiments, the average isotopic composition of the solids was used in this 
calculation. The average isotopic composition of the solid phase during a closed system 
stoichiometric dissolution experiment can be calculated from that of the fluid phase from 
mass balance considerations by taking account of (Criss, 1999) 
𝛿𝐴𝑀𝑡𝑜𝑡𝑎𝑙𝑚𝑀,𝑡𝑜𝑡𝑎𝑙 =  𝛿
𝐴𝑀𝑠𝑜𝑙𝑖𝑑𝑚𝑀,𝑠𝑜𝑙𝑖𝑑 +  𝛿
𝐴𝑀𝑓𝑙𝑢𝑖𝑑𝑚𝑀,𝑓𝑙𝑢𝑖𝑑  (3) 
where mM,soilid and mM,fluid refer to the mass of the metal M in the solid and fluid phase, 
respectively, and noting that the product 𝛿𝐴𝑀𝑡𝑜𝑡𝑎𝑙𝑚𝑀,𝑡𝑜𝑡𝑎𝑙 is constant in a closed system 
reactor. 
 
Within the context of transition state theory, mineral dissolution consists of two 
coupled processes, the removal of material from the mineral surface, sometimes referred to as 
forward dissolution, and the inverse process, sometimes referred to as returning some of the 
dissolved material back to this surface.  This latter inverse reaction, sometimes referred to as 
reverse precipitation, is negligible in strongly undersaturated fluids but becomes increasingly 
important as the fluid composition approaches equilibrium (Aagaard and Helgeson, 1982; 
Oelkers, 2001; Schott and Oelkers, 1995; Schott et al., 2009, 2012). At equilibrium the 
reverse reaction is equal in rate to forward dissolution, such that the net rate is zero. This 
concept that the reaction does not stop at equilibrium, but the net reaction rate is zero due to 
the forward and reverse reaction being equal but opposite, is commonly termed ‘dynamic 
equilibrium’.  It is unclear, however, if this inverse reaction occurs in all mineral-fluid 
systems, as numerous minerals do not precipitate at ambient conditions. For example, whereas 
anhydrous calcium carbonate minerals such as calcite and aragonite can readily precipitate 
abiotically at ambient temperatures, anhydrous magnesium carbonate minerals, such as 
magnesite and ordered dolomite are found not to precipitate abiotically at such conditions 
(Baker and Kastner, 1981; Berninger et al., 2016, 2017; Gautier et al., 2015, 2016; Katz and 
Matthews, 1977; Land, 1998; Liberman, 1967; Saldi et al., 2012; Sibley et al., 1987). This 
contrasting behavior has commonly been attributed to the vastly different hydration of 
aqueous calcium compared to aqueous magnesium, such that the more strongly hydrated Mg 
limits its ability to be incorporated into the dolomite surface from aqueous solutions (e.g. 
Deelman, 2001; De Leeuw and Parker, 2001; Haamm et al., 2010; Higgins and Hu, 2005; 
Lippmann, 1973; Yang et al., 2012).   
 
 In the absence of the reverse reaction, isotopic fractionation during the stoichiometric 
dissolution of a mineral would require the preferential release of distinct isotopologues from 
the mineral to the fluid.  For an initially isotopically homogeneous mineral, this would require 
isotope fractionation during solid-state diffusion towards the mineral surface.  In contrast, if 
reverse reactions can occur in the system, isotope fractionation during the stoichiometric 
dissolution of a mineral could proceed by the conservative release of isotopologues during the 
forward dissolution step coupled to a preferred reincorporation of distinct isotopologues 
during the reverse reaction step.  As calcium and magnesium exhibit distinct precipitation 
behaviors in carbonate minerals at ambient temperatures (e.g. anhydrous calcium carbonate 
readily precipitates whereas anhydrous magnesium carbonates are kinetically inhibited) it 
might be expected that their isotopic fraction may also exhibit distinct behaviors. 
 
3. Materials and methods  
3.1 Experimental procedure 
Natural polycrystalline hydrothermal Sainte Colombe dolomite (Gautelier et al., 1999) 
was hand crushed with agate mortar and pestle, sieved to 100-150 mesh, magnetically 
separated to remove iron-bearing particles and handpicked under an optical microscope. The 
resulting dolomite powder was reacted for a few seconds in 0.1𝑁 𝐻𝐶𝑙, rinsed with deionized 
water, ultrasonically cleaned using ethanol and dried at 60° for 24 h. A Scanning Electron 
Microscope (SEM) image, obtained using a JEOL JSM-6360 LV microscope of the resulting 
cleaned dolomite is shown in Fig. 1a. The image shows the powder to consist of only 
dolomite and to be free of adhering fine particles. The specific surface area of the prepared 
dolomite was determined to be 0.717±0.07 m2/g by multipoint nitrogen adsorption according 
to the BET method (Brunauer et al., 1938) using a Quantachrome Gas Sorption system. The 
chemical composition of the dolomite seed material was determined by electron microprobe 
analysis using a Cameca SX50 and is reported in Table 1. The purity of this dolomite was 
verified via X-ray diffraction (XRD) using an INEL CPS-120 diffractometer with Co Kα-
radiation, λ=1.78897 Å and a graphite monochromator. Scans were performed from 1 to 110º 
2θ at 0.09º/min and a step size of 0.029º. This analysis demonstrates that the solid is pure 
dolomite; superstructure reflections (e.g. Lippmann, 1973) indicate the cation-ordered 
structure of this dolomite. 
 
Four dolomite dissolution experiments were performed in closed-system titanium 
autoclaves similar to those described by Bénézeth et al. (2011) and Pearce et al. (2012). 
Approximately 440ml of an aqueous 0.1𝑁 𝑁𝑎𝐶𝑙 solution, prepared using high purity (18.2M-
Ω) water was placed into a reactor; one gram of dolomite powder was then added to this 
solution. The reactors were closed and placed in a temperature-controlled furnace. The 
temperature was increased to 51, 75, 121 or 126 °C and it was kept constant over the duration 
of the experiments which lasted 47, 28, 35, and 12 days respectively. Pure CO2(g) (<99.99% 
CO2) was introduced into the reactor maintaining a constant pressure of 5 bars throughout all 
of the experiments. The mineral-fluid mixture was continuously stirred at 200rpm. Initial 
experimental conditions are listed in Table 2.  The fluid phase was sampled regularly using a 
sampling tube comprised of a 2µ titanium filter and a cooling system. A total of 5ml of fluid 
was collected during each sampling, and these fluids were stored in 10ml polycarbonate 
containers prior to analysis. The pH was measured immediately after sampling with a 
standard glass Mettler Toledo pH electrode calibrated with NBS buffers (pH=4.006, 6.865 and 
9.183 at 25°C), regression line corrections were applied to adapt measurements to ambient 
temperature. The fluids and solids remaining in the reactor at the end of the experiments were 
recovered and filtered through a Teflon 0.45µ filter. The recovered solids were ultrasonically 
cleaned in ethanol and dried at 60°C during 24h.  
 
 The Ca and Mg concentration of the sampled fluids were measured by flame Atomic 
Absorption Spectroscopy (AAS) using a Perking Elmer AAnalyst 400 with an uncertainty of 
+1% and a detection limit of 7 x 10-7 mol/kg for Ca and 2 x 10-7 mol/kg for Mg. Alkalinity 
was determined with an automatic Schott TitroLine alpha TA10plus titrator with an 
uncertainty of ± 2% and a detection limit of 5 × 10− 7 eq/kg. Measured fluid compositions 
were interpreted using PHREEQC (Parkhurst and Appelo, 1999) together with its PHREEQC 
database and solubility products reported for the dolomite hydrolysis reaction reported by 
Berninger (2016) (log10 Ksp(Dol) equals 17.6, 18.6, 20.3 and 20.4 at 51, 75, 121 and 126 °C, 
respectively). 
 
3.2 Calcium isotope analysis 
 
Calcium was purified using double column ion exchange chromatography following 
the method described by Reynard et al. (2010) and Blättler et al. (2011). Fluid samples were 
evaporated to dryness, re-dissolved in concentrated 𝐻𝑁𝑂3, re-evaporated to dryness, then 
dissolved in 2𝑁 𝐻𝐶𝑙 prior to loading onto columns. For the analysis of solids, 0.1mg of the 
selected solid was first dissolved in concentrated 𝐻𝑁𝑂3, evaporated to dryness and then 
dissolved again in 𝐻𝐶𝑙 2𝑁. Aliquots of the resulting fluids were loaded into 10ml Bio-Rad 
poly-propylene columns containing a 200-400mesh AG-50W-X12 resin. The fraction 
recovered from the columns was evaporated to dryness and dissolved in 3𝑁 𝐻𝑁𝑂3. The yields 
of this cation exchange step were evaluated by collecting an elute split before and after the 
main collection bracket for each sample, and checking those splits for Ca content. This 
showed that column yields were >99.5% for Ca. A second pass through 2ml columns 
containing Eichrom Sr-spec resin 50-100mesh was used to quantitatively remove Sr, thus 
avoiding interference during isotopic measurements; fluid samples collected from the first 
pass of the columns were loaded onto 2ml in-house made PFA columns containing Eichrom 
Sr-spec resin 50-100mesh. The samples collected following their passing through the second 
column were evaporated to dryness and redissolved in 2% 𝐻𝑁𝑂3 ready to measure in the MC-
ICPMS.   
 
Calcium isotope ratios were determined by sample-standard bracketing using a Nu 
Instruments Multi Collector Inductively Coupled Plasma Mass Spectrometers (MC-ICP-MS), 
fitted with a DSN desolvation nebulizer, located in the Earth Sciences Department of Oxford 
University (UK) as described by Halicz et al. (1999), Reynard et al. (2001) and Blättler et al. 
(2011, 2015). Due to isobaric interferences with the Ar plasma, precise measurements of 40Ca 
are not possible, but 42Ca, 43Ca, and 44Ca have abundances of 0.65%, 0.13% and 2.1%, 
respectively and are convenient for high precision measurements (Halicz et al., 1999). Any 
potential hydrides could not be directly resolved, but were assessed, for example, at mass 45 
by determining a CaH/Ca ratio. Hydride formation was found to be insignificant, although a 
corrections were applied to other Ca masses.  Moreover, our method of intensity-matching 
within 5% between samples and bracketing standards also corrects for potential hydride 
formation. Accuracy and precision were assessed by repeated analyses of the JDol-1 
dolomitic standard (44/42Ca = 0.46 ± 0.04‰ (2sd), compared to 0.52±0.18‰ of Wombacher 
et al., 2009) and the IAPSO seawater (44/42Ca = 1.06 ± 0.10‰ (2sd), within uncertainty of 
that measured by Hippler et al., 2003 of 0.94 ± 0.07‰) standards, in keeping with the long-
term analytical reproducibility over a period of three years of ±0.16‰ on 44/42Ca; negligible 
variations within uncertainty after three passes throughout the whole process were observed 
(See Table A1 in the Appendix).  Results obtained for these standards are within analytical 
uncertainty of other studies (e.g. Hippler et al., 2003; Reynard et al., 2011). Potential isobaric 
Sr interferences were corrected by monitoring mass 43.5. While an on-line correction for Sr 
was applied (using Sr isotope ratios measured each analysis day using a Sr standard), due to 
the quantitative Sr removal during chemistry, this correction never accounted for more than a 
0.005‰ change (Reynard et al., 2011). An in-house standard (“HPSCa”, 44/42Ca = 0.34‰ 
relative to SRM-915a) was analysed between each sample bracket (Blättler et al., 2011). The 
total procedural blank was <8 ng, insignificant compared to the ~10g of Ca aspirated during 
each analysis. Analyses are reported relative to the Ca isotope standard NIST SRM-915a. 
 
3.3 Magnesium isotope analysis 
 
Selected fluid samples were analysed to determine their Mg isotopic compositions 
following the method described in Pearce et al. (2012) and Mavromatis et al. (2013, 2014a,b). 
Typically, 5–10 µg of Mg was processed for each fluid sample, and ~10 mg of dolomite was 
dissolved in concentrated aqueous HCl, for the solid. Each sample was evaporated until dry 
then dissolved in concentrated aqueous HNO3 prior to analysis. The samples were then passed 
through AG50W-X12 cation exchange resin before being isotopically analysed using a 
Thermo-Finnigan ‘Neptune’ MC-ICP-MS at the Géosciences Environnement Toulouse.  
Samples were introduced into the Ar Plasma via 2% aqueous HNO3 using a standard sample 
induction system (SIS), attached to a PFA Teflon nebuliser. Instrumental mass fractionation 
effects were corrected via sample-standard bracketing using the DSM3 standard (Galy et al., 
2003), with total procedural blanks having a negligible contribution; total procedural blank 
was <10 ng, which insignificant compared to the ~10g of Mg analyzed. All sample analyses 
were run in triplicate. The long-term reproducibility of δ26/24Mg was assessed by multiple 
measurements of the DSM3 Mg standard. These measurements yielded standard deviations 
(2σ) of less than 0.09‰. The reproducibility of δ26/24Mg measurements for the liquid Mg 
standards DSM3, CAM1, and OUMg and the dolomite carbonate standard JDo-1 used during 
this study was better than 0.03‰, 0.05‰, 0.08‰ and 0.02‰ (2σ), respectively (Table 3).  
 
4. Results  
The chemical evolution of the reactive fluid is listed in Table 3 and illustrated in Fig 
2a.  For all experiments the reactive fluid Ca and Mg concentration increased continuously, 
approaching a constant value after ~37, 17, 1, and 1 days, respectively, for the experiments at 
51, 75, 121 and 126 °C. Calcium was preferentially released relative to Mg at the beginning 
of each experiment, with measured molar Ca/Mg ratios of as much as 1.2, 1.16, 1.75 and 2.26 
during the first few minutes of the experimental run at 51, 75, 121 and 126 °C.  Note 
however, the some of the early analysis of the 121 oC experiment exhibits some analytical 
scatter. Subsequent metal release from the dolomite was stoichiometric such that fluid 
samples collected after one day had an atomic Ca/Mg ratio equal to 1 ±0.1. The final Ca and 
Mg concentrations of the fluids are 6.6x10-3, 3.4x10-3, 2.1x10-3 and 1.8x10-3 for the 51, 75, 
121 and 126 °C experiments; mass balance calculations taking into account these final fluid 
compositions indicate that 51, 27, 17 and 12% of the original dolomite dissolved during the 
51, 75, 121 and 126 °C experiments. Note that dolomite has a retrograde solubility such that 
the final near to equilibrium cation concentrations and alkalinity decrease with increasing 
experimental temperature. The fluid pH in each experiment increased rapidly during the first 
day attaining a value of 6.1±0.05, 5.9±0.06, 5.7±0.04 and 5.6±0.05 at 51, 75, 121 and 126 °C. 
The saturation index of the reactive fluids with respect to dolomite increases systematically 
towards, but does not pass zero, consistent with the approach of these experimental systems to 
equilibrium (see Fig 2c). 
 
Representative photomicrographs of dolomite collected after the experiments are 
shown in Fig. 1 b to d.  SEM analysis revealed only the presence of pure dolomite in the post 
experiment samples. Dolomite grains after the experiments show clear dissolution features 
including grain rounding and etch pit formation. These features are most evident in the 
samples collected from the 51 °C experiment, which exhibited the largest amount of 
dissolution. The purity of the dolomite is also confirmed by the atomic Ca/Mg ratios of the 
reactive fluids, which match closely that of the dissolving dolomite. 
 
The temporal evolution of the reactive fluid 26/24Mg and 44/42Ca during all 
experiments is illustrated in Fig. 3 and reported in Table 3; a complete list of all measured Mg 
and Ca isotopic compositions including 43/42Ca and 25/24Mg are listed in Table A2 of the 
Appendix. All but two of the measured 43/42Ca and 25/24Mg are consistent within uncertainty 
of that calculated using the corresponding 26/24Mg and 44/42Ca values and the assumption of 
mass dependent fractionation.  The reactive fluid isotopic compositions of Ca and Mg are 
equal within uncertainty of those of the dissolving dolomite in the 51 and 75 °C experiments, 
consistent with the conservative release of their isotopologues. In contrast, the reactive fluid 
isotopic Ca compositions are significantly different from that of the dissolving dolomite in the 
121 and 126 °C experiments. The reactive fluid Ca compositions in these experiments 
(44/42Ca) are as much as 0.67‰ higher than that of the dissolving dolomite, whereas the 
reactive fluid Mg (26/24Mg) is as much as 0.19‰ lower than that of the original solid.  
 
5.  Discussion 
5.1 Dolomite dissolution behavior 
Calcium was observed to be preferentially released compared to Mg over the first few 
minutes of each closed system dolomite dissolution experiment (see Table 3 and Fig A1).  
This observation is consistent with previous reported by Busenberg and Plummer (1982) and 
the suggestion that the dolomite-water interface is dominated by the presence of Mg-rich 
surface complexes (Pokrovsky and Schott, 1999; Pokrovsky et al., 1999a, 1999b; Van 
Cappellen et al., 1993).  Dolomite dissolution continued to proceed by the stoichiometric 
release of Ca versus Mg consistent with its congruent dissolution (see Fig. A1 in the 
appendix).  Note that in these batch experiments, the Ca/Mg ratio of the fluid phase reflects 
the cumulative release of these metals over the whole of the experiment. The congruent 
dissolution of dolomite is confirmed by geochemical fluid speciation calculations that indicate 
that the reactions fluids are undersaturated with respect to all minerals in the PHREEQC 
database, including dolomite itself.  Dolomite dissolution rates were not retrieved from the 
closed system experiments in this study because 1) the pH of the fluids were allowed to drift – 
from ~ 4 to 6 during each experiment, and 2) the experiments were designed to dissolve a 
large fraction of the original dolomite. As much as 50% of the original dolomite dissolved 
during these experiments so that the dolomite-water interfacial surface area evolved 
substantially.  As dolomite dissolution rates are functions of both reactive fluid pH and 
surface area (Busenberg and Plummer, 1982; Gautelier et al., 1999, 2007; Pokrovsky et al., 
2005; Pokrovsky and Schott, 2001), dolomite dissolution rates likely varied continuously 
throughout these experiments making the potential retrieval of dissolution rates from these 
experiments ambiguous. 
 
5.2 Calcium and magnesium isotope behavior during dolomite dissolution 
 
The results presented above indicate that the Ca and Mg isotopic compositions of the 
reactive fluids in the experiments performed at 50 and 75 °C are equal within uncertainty to 
that of the dissolving dolomite. These observations contrast greatly with that observed during 
the >100 °C experiments.  In the higher temperature experiments, the reactive fluid Ca 
composition (44/42Ca) is ~0.6‰ heavier and the Mg is initially somewhat lighter than the 
dissolving dolomite.  There is also a slight trend for the fluid phase to become isotopically 
heavier in Mg as the experiments progress as evident in Fig. 3.  
 
Insight into the origin of these differences can be made through the aid of transition state 
theory.  The overall dissolution process consists of two coupled reactions: forward 
dissolution, which is the removal from material from the mineral to the fluid phase, and 
reverse precipitation, which is the tendency for some of the material to return and to be 
reincorporated into the mineral structure.  In the absence of substantial solid-state diffusion or 
isotope heterogeneity in the mineral, the forward dissolution process would not lead to 
substantial non-conservative isotopic release of metals.  In contrast, the reverse precipitation 
step could, if it occurred lead to isotope fractionation as is commonly observed in mineral 
precipitation experiments (e.g. Li et al., 2012;Macromatis et al., 2012; Saulnier et al., 2012) . 
 
 We hypothesize, therefore, that the origin of the contrasting isotopic release of divalent 
metals from dolomite at temperatures below 100°C compared to that at higher temperatures 
stems from a change in dolomite reactivity. At < 100°C, the isotopic composition of Ca and 
Mg is the fluid phase is identical to that of the dissolving dolomite. This observation is 
consistent with the one-way transfer of these metals from the mineral to the fluid phase in the 
absence of reverse precipitation.  A large number of studies have observed that dolomite does 
not precipitate at temperatures below 100 °C (Arvidson and Mackenzie, 1999; Higgins and 
Hu, 2005; Land, 1998; Li et al., 2015; Vasconcelos et al., 2005). Abiotic laboratory synthesis 
of ordered dolomite generally requires hydrothermal conditions (Kessels et al., 2000). Indeed, 
Rodriguez-Blanco et al. (2015) observed that abiotic ordered dolomite precipitation occurred 
only at temperatures in excess of 140 °C.  Li et al. (2015) succeeded to precipitate disordered, 
but not ordered, dolomite at 130 °C in the presence of both 1.0 mol/kg MgCl2 and 1.0 mol/kg 
CaCl2 in the reactive fluid; these authors noted that at such high ionic strengths Mg was not 
fully hydrated in the reactive aqueous phase. Equally Berninger (2016) noted that it was 
possible to reverse dolomite aqueous solubility experiments at temperatures ≥ 150 °C, but not 
possible at ≤ 100 °C. 
 
In contrast to the behavior observed at temperatures < 100 oC, the Ca in the fluid phase at 
the end of the 121 and 126 °C experiments (44/42Ca) was ~0.6‰ heavier than that of the 
original dolomite.  The observed non-conservative release of divalent metal isotopes from the 
solid is unlikely to be due to heterogeneities in the original dolomite because 1) the dolomite 
used in experiment was ground from large grains, which tends to homogenize the surfaces 
even if the original dolomite was isotopically heterogeneous, and 2) the release of Ca and Mg 
from the 50 and 75 °C experiments was isotopically conservative during the dissolution of as 
much as 50% of the original dolomite.  We interpret the observation that the reactive fluid 
44/42Ca was heavier than that of the dissolving dolomite to be due to the isotopically 
conservative release of Ca from the dolomite coupled to the return of isotopically light Ca to 
the dolomite during the reverse precipitation reaction.  The tendency of Ca to be lighter in 
carbonate minerals than the fluid phase from which it precipitated has been commonly 
reported in the literature (DePaolo, 2011; Gussone et al., 2003, 2011; Lemarchand et al., 
2004; Marriott et al., 2004; Reynard et al., 2010, 2011; Tang et al., 2008a, 2008b).  Such 
observations have been attributed to kinetic fractionation effects (Gussone et al., 2003), 
equilibrium fractionation (Bullen et al., 2003; Marriott et al., 2004), or a combination of 
equilibrium fractionation affected by coprecipitation processes (Lemarchand et al., 2004; 
Zhang et al., 2007; Reynard et al., 2011).   
 
In contrast to Ca, however, the isotopic composition of Mg in the fluid phase is close to 
that of the dissolving dolomite during the 121 and 126 °C experiments.   This lack of 
fractionation during stoichiometric dolomite dissolution suggests that the reverse precipitation 
reaction is negligible or sluggish at these conditions as a number of studies have reported the 
that Mg isotopes fractionate substantially in response to dolomite dissolution..  Notably, Li et 
al. (2015) concluded that at equilibrium ordered dolomite (22/24Mg) is 0.93‰ lighter than its 
co-existing fluid phase at 130 °C.  Such observations suggest that if the substantial reverse 
precipitation of Mg occurred during our experiments we would observe a fluid phase enriched 
in heavy Mg.  We suggest, therefore, that the contrasting behavior between Mg and Ca 
observed in our 121 and 126 °C experiments stems from their distinct reactivity; the relatively 
slow incorporation of Mg into the dolomite structure is evidenced by its close to isotopically 
conservative transfer during our dissolution experiments.  Note however, the fluid phase Mg 
composition is trending slightly heavier over time.  This trend may be indicative of the 
sluggish incorporation rates of Mg into the dolomite structure during our experiments.   
 
Note that as 17 and 12% of the dolomite dissolved during the 121 and 126 °C 
experiments, mass balance requires that the average Ca isotopic composition of the dolomite 
present in the rector also evolved during these experiment.  Taking account of this mass of 
dissolved dolomite and the fluid composition of the dolomite at the end of these experiments 
(see eqn. 3), mass balance requires that the average Ca isotopic composition decreased by 
0.12‰ and by 0.10‰ respectively in these experiments. If one compares the final fluid and 
average dolomite isotopic Ca composition (44/42Ca), a final difference of ~0.7‰ is obtained. 
This difference, however, may not correspond to an equilibrium fractionation factor. The 
mass transfer to and from the interior of the dolomite grains may be limited by transport 
processes such that a Ca isotopic gradient develops near the dolomite surface. Due to this 
potential isotopic gradient, it was not possible to determine the Ca isotope composition of the 
dolomite surface and thus not possible to determine unambiguously the dolomite-fluid 
equilibrium fractionation factor for this element from our experiments.   
 
5.3 Insights into dolomite reactivity 
 
The results summarized above suggest that the reverse precipitation is negligible during 
the dissolution of dolomite at temperatures < 100 °C.  The lack of abiotic low-temperature 
(< 100 °C) dolomite formation has been attributed to both 1) the deformation of the dolomite 
structure by the incorporation of Mg (Xu et al. 2013; Hong et al., 2016), and 2) a kinetic 
limitation due to the slow dehydration rates of the aqueous Mg2+ cation (Brady et al., 1996; 
Higgins and Hu, 2005; Lippmann, 1973; Leiberman, 1967; Roberts et al., 2013; Slaughter and 
Hill, 1991; Wang et al., 2016). There is strong supporting evidence for both of these factors 
playing a role.  The role of Mg deformation in dolomite growth inhibition is supported by the 
observations of Xu et al. (2013) who failed to precipitate dolomite in the absence of water at 
ambient temperatures. Stress calculations also show that the incorporation of more than 40% 
of Mg into the calcite structure leads to plastic deformation, suggesting that the lattice stress 
mismatch between MgCO3 and CaCO3 inhibits dolomite growth at ambient temperatures 
(Hong et al., 2016). The role of structural deformation on dolomite growth is also evidenced 
by atomic force microscopic studies, which have shown that at both ambient temperatures and 
at temperatures up to at least 120 oC dolomite growth is slowed, then completely arrested after 
the incorporation of one to four layers of Mg onto the dolomite surface (Berninger et al., 
2017; Higgins and Hu, 2005).  Further support for the importance for structural deformation 
in dolomite growth inhibition stems from the relative ease in growing dolomite analogues 
norsethite (BaMg(CO3)2) and PbMg(CO3)2 (Linder et al., 2017; Pimentel and Pina, 2014, 
2016). 
 
In contrast the role of sluggish Mg dehydration kinetics on dolomite growth kinetics is 
evidenced by the inhibition of magnesite precipitation from aqueous at temperatures less than 
80 oC (Saldi et al., 2009, 2012); indeed structural deformation is unlikely to play a role in the 
incorporation of Mg into this mineral.  This behavior contrasts with the observation that 
hydrated Mg-carbonate phases readily form at ambient conditions (e.g. Berninger et al., 2014; 
Gautier et al., 2014). As noted by Yang et al. (2012) the structure and dynamics of Mg2+ and 
Ca2+ hydration are significantly different; the rate of water exchange around Ca2+ is five 
orders of magnitude faster than that of Mg2+.  An associative mechanism for making Ca-CO3 
bonds in the aqueous environment is possible at ambient temperatures, but not viable for 
making Mg-CO3 bonds (Di Tommaso and de Leeuw, 2008; Ikeda et al., 2007).  A number of 
studies have argued that the ability of Mg2+ desolvating anions or organic compounds to 
promote Mg-rich calcite and disordered dolomite growth supports the major role of sluggish 
Mg dehydration kinetics in inhibiting dolomite growth (e.g. Rodgers, 2013; Zhang et al., 
2010).  
 
The results of this study add further support for the role of sluggish aqueous Mg 
dehydration kinetics on slowing or inhibiting dolomite growth.  The temporal variation of the 
reactive fluid Ca and Mg isotope compositions temperatures of 121 and 126 oC, suggests that 
whereas Ca can readily move into and out of the dolomite structure at near to equilibrium 
conditions at these temperatures. In contrast, evidence presented in this study shows that Mg 
at best re-enters the dolomite structure relatively slowly at these conditions.  These results 
suggests that aqueous Mg is far slower to enter the dolomite structure than aqueous Ca, which 
is consistent with calculations reported by Yang et al. (2012) for lower temperature systems.  
Such evidence, coupled with the large body of evidence summarized above, indicates that 
both the structural deformation of the dolomite structure and the sluggish Mg dehydration 
kinetics play a role in inhibiting dolomite formation at temperatures to at least 126 oC. 
 
Another noteworthy observation is that the during the 121 and 126 oC more than 10% of 
the dolomite dissolved into the fluid phase and the fluid phase is 44/42Ca is ~0.6‰ heavier 
than the dissolving mineral, yet the fluid Ca:Mg ratio is identical to that of the dissolving 
dolomite.  In the absence of substantial Mg returning to the surface, these observations 
suggest that the Ca present in the fluid exchanges with the Ca in the dolomite structure in the 
absence of a similar Mg exchange.  Such observations are consistent with numerous past 
studies which have observed the exchange of one or more elements deep within the solids 
during congruent mineral or glass dissolution experiments (c.f. Casey et al., 1989; Chou and 
Wollast, 1989; Oelkers et al., 2009; Schott et al., 2012). 
 
6. Conclusions 
The results presented above illustrate the non-conservative transfer of Ca isotopologues 
during the stoichiometric dissolution of dolomite at 121 and 126 °C.  The contrast in this 
behavior compared to the conservative transfer at lower temperatures is interpreted to stem 
from the existence of a reverse reaction at higher temperatures.  A similar approach was used 
by Liu et al. (2016) to verify the existence of a reverse reaction for quartz dissolution and to 
validate the law of detailed balancing.  In contrast, Mg is close to conservatively transferred to 
the fluid phase at these conditions.  This latter observation suggests that the departure of Mg 
into the fluid phase during the dissolution of dolomite at temperatures to at least 126 °C is not 
coupled to a rapid reverse reaction reincorporating Mg into the dolomite structure at near to 
equilibrium conditions.  Taken together, these results suggest that it is the inability of Mg to 
be incorporated into the dolomite structure is a contributing factor limiting the precipitation of 
this mineral from supersaturated aqueous solutions at low to moderate temperatures. 
 
The observation that dolomite releases Ca non-conservatively during dolomite 
dissolution at elevated temperature at near to equilibrium is further evidence that mineral 
isotopic compositions can be altered in the absence of net mineral precipitation.  Such a 
process may question the preservation of isotopic signatures in some systems. Such processes 
will be explored in further detail in subsequent studies. 
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Fig. 1. Representative Scanning Electron Microscope (SEM) photographs of the dolomite 
used in this study. (A) Unreacted seeds, (B), (C) and (D) aspect of the dolomite after the 










Fig. 2. (A) Temporal evolution of fluid calcium and magnesium concentrations, CCa,fluid 
(open symbols) and CMg,fluid (black symbols). Analytical uncertainties in concentration and 
error bars are ±3%. (B) pH evolution during the experiments. (C) Temporal variation of 
logarithm of reactive fluid saturation index with respect to dolomite (log Ω).  
 
 

































































 Fig. 3. Temporal evolution of the reactive fluid Ca and Mg concentration, CCa,fluid and CMg,fluid 
(black circles), and ∆26/24Cafluid-solid or ∆26/24Mgfluid-solid (x symbols) respectively during the 
experiments at 51, 75, 121, and 126°C.  The dashed line and its shading corresponds to the 








































































































































































































































































































































































































 Fig. 4. Schematic illustration showing the potential isotope fractionation mechanism in 
dolomite as a function of temperature. At temperatures lower than 100°C dissolution consists 
of only the forward dissolution step for both Mg and Ca in the absence of back reaction.  
Forward dissolution proceeds without isotope fractionation.   At higher temperatures (121 and 
126 oC) and close to equilibrium conditions the backward reaction becomes important Ca but 
not for Mg. This backward reaction can fractionate Ca isotopes as it reincorporates this metal 









Fractionation Ca  
Conservative Mg 
Conservative Ca  
 Table 1  
Chemical composition of the initial Sainte Colombe dolomite seeds before the experiments 
described in this study.  











calculated CO2 42.89 
chem. formula Ca1.04Mg0.96(CO3)2 
 
 Table 2 
Summary of initial experimental conditions used in the dolomite dissolution experiments. 
pCO2 was 5 bars. The stirring rate was 200 rpm and the surface area of the original powder 
was 0.717m2/g. 
Experiment  Av. 
Temperature 
(°C)  







Dol51 51.28  6.1 1.068 451 
Dol75 74.96  5.9 1.012 442 
Dol121 120.73  5.9 1.014 434 




Results from the dolomite dissolution experiments at 121 and 126°C.  δ44/42Casolid (‰) and 
δ26/24Mgsolid (‰) of the solid were obtained from the corresponding fluid isotopic 


































Inlet solid for experiments at 51, 71 and 121 oC  1.00  -1.62 0.058  0.60 0.139  
51.1 0.00 58.3 3.72 0.00 0.00 0 0.00        
51.2 0.01 60.1 4.61 0.09 0.08 1 1.13        
51.3 0.03 53.7 4.88 0.20 0.19 2 1.05        
51.4 0.07 51.4 5.00 0.40 0.39 3 1.03        
51.5 0.20 49.9 5.31 0.96 0.92 7 1.04 0.004       
51.6 0.95 53.1 6.99 2.51 2.48 20 1.01        
51.7 2.16 49.7 7.27 4.61 4.56 36 1.01     0.74 0.225 -0.142 
51.8 5.21 50.2 6.09 5.55 5.56 43 1.00 0.021 -1.73 0.068 0.109    
51.9 8.11 52.4 5.99 6.26 6.22 49 1.01     0.64 0.142 -0.040 
51.10 12.20 50 6.02 6.64 6.58 52 1.01 0.022 -1.68 0.039 0.062    
51.11 15.22 51.9 5.98 6.82 7.02 53 0.97     0.68 0.115 -0.080 
51.12 19.96 50.6 5.98 6.97 7.14 54 0.98  -1.65 0.031 0.034 0.70 0.146 -0.108 
51.14 28.96 51.5 6.06 7.03 7.03 55 1.00     0.78 0.099 -0.190 
51.15 37.22 52.2 6.06 6.69 6.62 52 1.01 0.030       
51.16 47.98 50.7 6.21 6.67 6.59 52 1.01        
75.1 0.08 75.1 5.37 0.58 0.55 5 1.05        
75.2 0.17 75 5.55 1.53 1.31 12 1.17        
75.3 0.82 75 5.75 2.15 2.20 17 0.98        
75.4 1.19 75 5.67 2.74 2.59 21 1.06 0.006 -1.65 0.047 0.028 0.62 0.049 -0.021 
75.5 2.12 74.9 5.78 2.72 2.90 21 0.94 0.005       
75.6 5.80 75 5.79 3.18 3.10 25 1.03 0.012 -1.65 0.083 0.035 0.70 0.119 -0.108 
75.7 8.13 74.9 5.84 3.32 3.32 26 1.00 0.010       
75.8 9.14 74.9 5.72 3.40 3.37 26 1.01 0.008 -1.63 0.187 0.012 0.60 0.118 -0.007 
75.9 13.80 75.2 5.88 3.35 3.45 26 0.97 0.011 -1.69 0.172 0.068 0.57 0.096 0.030 
75.10 16.01 75 5.87 3.49 3.45 27 1.01 0.012 -1.64 0.078 0.025 0.63 0.090 -0.033 
75.11 19.82 74.9 5.93 3.53 3.47 27 1.02 0.012 -1.64 0.164 0.021 0.64 0.068 -0.039 





































121.2 0.00 32.6 2.10 0.25 0.04 1 6.25        
121.3 0.01 61.8 3.11 0.08 0.09 5 0.89        
121.4 0.06 100.6 5.10 0.64 0.67 10 0.96        
121.5 0.13 124.1 5.38 1.31 0.75 12 1.75        
121.6 0.17 117.6 5.55 1.57 1.65 15 0.95  -1.77 0.023 0.148 1.27 0.068 -0.670 
121.7 0.93 115.7 5.62 1.94 1.91 15 1.02        
121.8 1.21 120.3 5.73 1.98 2.07 16 0.96  -1.77 0.007 0.146 1.18 0.086 -0.587 
121.9 2.01 120.6 5.69 2.09 2.03 16 1.03        
121.10 3.19 121.1 5.68 2.07 2.04 16 1.01  -1.81 0.022 0.187 0.96 0.154 -0.364 
121.11 6.13 121.1 5.76 2.11 2.06 16 1.02 0.007       
121.12 9.89 121 5.74 2.09 2.09 15 1.00        
121.13 14.99 121 5.76 2.00 2.05 17 0.98 0.007 -1.71 0.067 0.091 1.14 0.099 -0.544 
121.14 17.07 121.5 5.70 2.19 2.05 16 1.07        
121.15 23.02 121.5 5.73 2.11 2.02 17 1.04 0.007       
121.16 27.11 121.6 5.75 2.17 2.18 16 1.00  -1.68 0.012 0.060 1.21 0.101 -0.614 
121.17 30.12 121.6 5.79 2.05 2.19 16 0.94 0.007       
121.18 34.81 121.6 5.65 2.05 2.14 16 0.96        
Inlet solid for experiment at 126°C   -1.21 0.110 0.000 0.183 0.045  
126.1 0.031 70.0 6.2 0.11 0.05 0 2.20        
126.2 0.052 85.5 5.92 0.19 0.08 1 2.38        
126.3 0.083 99.0 5.79 0.21 0.14 1 1.50        
126.4 0.119 108.2 5.36 0.30 0.26 2 1.15        
126.5 0.188 113.9 5.18 0.62 0.54 2 1.15 0.002 -1.78 0.020 -0.573    
126.6 0.779 115.7 5.57 1.29 1.28 5 1.00        
126.7 1.067 116.1 5.65 1.99 1.94 9 1.00 0.006    0.53 0.245 0.347 
126.8 1.785 130.4 5.59 2.00 2.01 14 0.95  -1.24 0.233 -0.037 0.50 0.264 0.322 
126.9 2.065 125.5 5.70 1.90 1.96 14 0.95 0.007       
126.10 4.769 126.8 5.66 1.83 1.89 12 0.95 0.007    0.73 0.111 0.552 
126.11 6.983 126.4 5.73 1.70 1.86 12 0.94  -1.33 0.104 -0.119 0.70 0.047 0.518 
126.12 7.978 127.0 5.70 1.73 1.84 11 0.94 0.007       
126.13 11.82 127.2 5.67 1.70 1.84 11 0.94 0.006 -1.09 0.090 0.116 0.60 0.081 0.425 
Isotopic standards              
CAM-1         -2.67 0.05     
OUMg         -2.76 0.08     
DSM-3         0.00 0.03     
JDo-1         -2.40 0.02  1.06 0.12  
IAPSO            0.46 0.11  
 
